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solutions. [ 20,21 ] Among those, non-covalent functionalization 
through conjugated polymers chains is proving to be a powerful 
approach for the high-yield sorting of s-SWCNTs and the pro-
duction of stable dispersions. [ 22–26 ] Following this approach, 
high mobility FETs, with values up to 33 cm 2 V −1 s −1 and on–off 
ratios up to 10 8 have been recently demonstrated by adopting 
coating techniques such casting or blade-coating. [ 21,24,27,28 ] Scal-
able printing techniques enabling the patterning of the semi-
conductor would also be important in allowing the deposition 
of controlled volumes in specifi c areas of circuits thus reducing 
materials waste, parasitism and enabling complex circuits 
fabrication. So far direct writing techniques, such as aerosol-
jet printing and inkjet printing, have been adopted to pattern 
non-sorted CNTs [ 29,30 ] and low purity s-SWCNTs [ 31 ] dispersed 
in different solvents, obtaining FETs with low on–off ratios 
and currents hysteresis. Excellent results in terms of mobility 
were obtained with aerosol jet printing and inkjet printing of 
s-SWCNTs sorted in water with surfactants by density gra-
dient centrifugation, while typically requiring post-processing 
on the printed network to improve device performances. [ 32–36 ] 
Only recently, s-SWCNTs sorted in organic solvents by non-
covalent functionalization with polymers have been patterned 
by inkjet printing showing p-type only operation, with satura-
tion mobility of 0.5 cm 2 V −1 s −1 . [ 37 ] Owing to the low loading 
of dispersed nanotubes, 10 printing passes were needed to 
obtain a working connected network of nanotubes. Here we 
take advantage of a polymer sorted high quality s-SWCNT ink 
with concentration of 0.2 g L −1 to demonstrate high mobility, 
inkjet printed FETs which display a high on–off ratio and a sup-
pressed hysteresis, already with a single printing pass, without 
the need of post-processing. Very interestingly, we show both 
the possibility to retain balanced ambipolar transport in inkjet 
printed s-SWCNTs networks processed in ambient atmosphere 
at low temperature, with mobilities up to 10 cm 2 V −1 s −1 , for 
holes, and 7 cm 2 V −1 s −1 , for electrons, and to suppress elec-
trons transport, while maintaining high hole mobility up to 
15 cm 2 V −1 s −1 , through multi-layer printing thus achieving 
p-type unipolar devices starting from the same ink. Integration 
in a complementary-like inverter demonstrates the suitability of 
polymer sorted s-SWCNTs for the development of high perfor-
mance printed logic circuits. 
 To formulate the s-SWCNTs based ink for the inkjet printing 
process, semiconducting nanotubes were selected from a 
starting mixture produced by high-pressure carbon monoxide 
conversion (HiPCO), by adopting poly(3-dodecylthiophene-
2,5-diyl) (P3DDT) as wrapping polymer. [ 38 ] Inks with up to 
0.2 g L −1 concentration were found to be the most effi cient for 
printing; higher concentration inks resulted in nozzle clogging. 
 Direct printing technologies, compatible with mass produc-
tion, [ 1,2 ] can enable large-area electronics for wearable, portable, 
and distributed micro/opto-electronics and sensing applica-
tions. [ 3–8 ] Different solution-processable semiconductors are 
being developed and tested in fi eld-effect transistors (FETs), 
among which conjugated small-molecule and polymer semicon-
ductors are one of the most investigated approaches. [ 9–14 ] Alter-
native carbon based and solution-processable semiconductors, 
such as single-walled carbon nanotubes (SWCNT), [ 15 ] are being 
also strongly explored because they offer a path towards high 
performance in terms of charge mobility and electronic band-
width of printed FETs thanks to their intrinsic electronic prop-
erties. [ 16–18 ] Printed networks of semiconducting SWCNT [ 19 ] can 
achieve the goal if current challenges in terms of uniform print-
ability and of high purity with controlled chirality of SWCNT 
formulations are overcome. 
 The effi cient separation of metallic (m-SWNT) and semicon-
ducting (s-SWNT) species in a printable formulation with high 
loading has commonly represented one of the most diffi cult hur-
dles to enable carbon nanotubes based printed electronics with suit-
able performances, especially for obtaining high on–off ratios and 
ideal operation of the devices required by logic circuit applications. 
 Over the past decade, a vast variety of methods have been 
proposed to sort SWCNTs and obtain high purity printable 
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We fi rst obtained a stable dispersion in toluene, according to 
a previous work [ 28,39 ] (absorption spectrum of the solution is 
reported in Figure S1a in the Supporting Information). How-
ever, toluene does not represent an ideal choice for the inkjet 
printing process, due to its low boiling point. This produces 
the early evaporation of the formulation at the fl uid meniscus 
at the nozzle orifi ce, resulting in an unstable jet of ink and 
loss of patterning resolution (see Section 1 in the Supporting 
Information). To overcome the problem, the toluene based dis-
persion was ultracentrifugated to precipitate and separate the 
s-SWCNTs from the solvent. The resulting solid pellet was then 
re-dispersed in ortho-dichlorobenzene (oDCB), largely adopted 
for the printing of organic semiconducting materials, but not so 
far investigated for deposition of polymer wrapped s-SWCNT 
dispersion, obtaining a stable dispersion over the entire dura-
tion of the fabrication process (more details in Figure S1, Sup-
porting Information). In  Figure  1 a the absorption spectrum of 
the s-SWCNTs dispersion in oDCB, with which a stable jetting 
was achieved, is reported. 
 We deposited the P3DDT wrapped s-SWCNTs solution in 
oDCB by inkjet printing, in a single or multiple passes, con-
trolled amounts with an orifi ce nozzle diameter of 60 µm 
(Figure  1 b). The evolution of the fi lms topography with mul-
tiple printing passes has been investigated by atomic force 
microscopy (Figure  1 c–e). We observed a uniform and well 
inter-connected network of nanotubes, with a total coverage 
of ≈80% already after a single printing pass, highlighting the 
positive effect of the optimal loading achieved in the solution. 
An increasing density is observed as a function of the number 
of printed layers, reaching ≈92% coverage after two printing 
passes and an almost full coverage of the surface after fi ve 
passes. 
 To study the electrical properties of the printed s-SWCNTs 
networks we adopted a top gate, bottom contacts FET architec-
ture ( Figure  2 a), where a varying number of s-SWCNTs layers 
were inkjet printed on pre-patterned gold source and drain 
electrodes. All the printing processes have been performed in 
ambient air, at room temperature. Typical transfer (left) and 
output (right) characteristic curves of the printed FETs are 
reported in Figure  2 b–d. Interestingly, the single (b) and two 
passes (c) printed layers devices, besides being characterized by 
a very good level of surface coverage, exhibit clean and balanced 
ambipolar characteristics, something not achieved in previous 
works, [ 28,37 ] where holes transports dominated. Higher channel 
( I DS ) currents are measured as a result of the higher network 
coverage, due to the second printing pass, for both accumu-
lation regimes. The on–off ratios calculated at  V DS = ±5V are 
between 10 6 and 10 7 for both the electron and hole accumula-
tions. By starting from the third pass (Figure S2, Supporting 
Information), a different trend can be observed, with a sub-
stantial saturation of the holes current and a neat decrease of 
the electron current. As a result of this trend, with more than 
fi ve printed layers, as the case of the six printed layer reported 
in Figure  2 d, the device shows a drastic unbalanced ambipolar 
behavior, with currents comparable to the two passes device in 
holes accumulation regime, while an order of magnitude lower 
currents in electron accumulation regime. The device obtained 
by six printing passes substantially embodies a unipolar device. 
 While the on–off ratio of the electron accumulation is evi-
dently lowered, due to the lowering of the on currents, that 
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 Figure 1.  a) Absorption spectrum of HiPCO:P3DDT in ODCB after second centrifugation. The chiralities of the SWNTs present in the sample are 
determined using an empirical equation. [ 48,49 ] In the inset, the structure of SWCNT-P3DDT hybrid is displayed. b) Sketch of the inkjet printing process 
for the deposition of s-SWCNTs solution. The nozzle diameter adopted has an orifi ce diameter of 60 µm. The spacing between consecutive drops was 
set at 100 µm and the printing speed was 50 mm s −1 . AFM maps of s-SWCNTs networks obtained by: c) one printing pass, d) two printing passes, 
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of the hole accumulation is still close to 10 6 with more than 
three passes. While in previous works, in order to maintain 
on–off ratios of about 10 4 , networks with limited coverage were 
adopted, [ 32,33 ] likely to reduce the negative effect of residual 
metallic nanotubes, the high purity of the ink adopted in this 
work allows the almost full coverage of the surface without neg-
atively affecting the on–off ratio. 
 We notice a very limited hysteresis in the hole currents, 
slightly more pronounced in the electron currents, only with 
one and two printing passes, while it basically disappears with 
more printing passes. We tentatively assign the small hyster-
etic behavior of devices with one and two printing passes to the 
effect of the interaction with water and/or –OH groups present 
on the glass surface, [ 40 ] which forms a less ideal interface than 
the one between s-SWCNT and the polymer dielectric. Such an 
effect is likely screened with thicker networks. 
 From the characteristic curves of the devices we have 
extracted the threshold voltages ( V th ) and the fi eld effect mobil-
ities as a function of the number of printing passes, both in 
the linear (| V GS | = 60 V and | V DS | = 5 V,  Figure  3 , empty sym-
bols) and the saturation regime (| V GS | = 60 V and | V DS | = 60 V, 
Figure  3 , fi lled symbols), for both the holes (blue) and electrons 
(red). While the holes mobility increases with the number of 
passes, saturating after three, the electrons mobility shows 
a peak with two printing passes and then monotonically 
decreases. For two printing passes, balanced holes ( µ lin-hole ) 
www.MaterialsViews.com www.advelectronicmat.de
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 Figure 2.  a) Sketch of the top gate-bottom contacts geometry adopted for the fabrication of SWCNTs based FET (channel width  W = 200 µm and 
channel length  L = 40 µm). b–d) Transfer characteristic (left) and output (right) measurements of devices made with: a) one printed pass, b) two 
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and electrons ( µ lin-electron ) linear mobility of 7 and 5 cm 2 V −1 s −1 , 
respectively, were extracted using the gradual-channel approxi-
mation and the parallel plates capacitor model; for the same 
printing condition, saturation mobility for holes ( µ sat-hole ) 
and electrons ( µ sat-electron ) are 10 and 7 cm 2 V −1 s −1 , respec-
tively. With multiple printing passes a maximum  µ sat-hole of 
15 cm 2 V −1 s −1 , among the highest so far reported for an inkjet 
printed s-SWCNTs based device, was obtained. The trend 
of  V th , which is approximately constant for holes accumula-
tion and increases for the electrons, is in agreement with the 
mobility trends, confi rming a lowering in electron accumula-
tion and transport effi ciency. We have here reported the best 
data obtained. In Figures S2.3 and S2.4 in the Supporting Infor-
mation, we have included data obtained with three different 
formulation batches and 48 devices in total (6 per number of 
printed passes). Electron mobilities in the range or higher than 
1 cm 2 V −1 s −1 were observed for all batches with up to three 
printed passes; they do always show a decreasing trend with 
printed passes. Concerning holes transport, mobility values 
well above 1 cm 2 V −1 s −1 were measured independently of the 
batch adopted and of the printed passes. 
 The effect observed with multiple passes can be rationalized 
by considering two different regimes: the fi rst with one and two 
printing passes, and the second for three passes or more. In the 
fi rst regime, we observe an increase of the currents as a result 
of a denser network obtained, in agreement with AFM images 
in Figure  1 c,d. We suggest that the increase in carrier mobility 
is related to a geometrical factor as well as to the higher number 
of connections between electrodes and nanotubes. This increase 
in connectivity allows the formation of more effi cient percola-
tion paths for the charges. Starting from the third printing pass, 
the s-SWCNTs start to stratify with negligible further increase 
in the coverage. This explains the saturation in holes currents 
and corresponding mobility, suggesting at the same time that 
the top s-SWCNTs form an as good transporting network as the 
bottom ones. Concerning the electron current the same con-
sideration for the fi rst regime is valid but a decreasing trend 
is present in the second regime. To explain this effect we have 
investigated the correlation between the number of printed 
layers, and the contact and channel resistances, for both holes 
and electrons, by using the differential method (DM) [ 41,42 ] and 
G-function method [ 43 ] (for details please see Supporting Infor-
mation, Section 3: Contact Resistance Extraction). While an 
increasing trend in channel resistance for the electron is clearly 
visible, the contact resistance values are approximately con-
stant within increasing printing passes. Differently, constant 
values of both channel and contact resistance are extracted for 
the holes by increasing the number of printing passes. We can 
speculate that with additional layers, after the injection from the 
metal into semiconductor, the electron has to overcome barriers 
due to trap states introduced by the increasing amount of the 
residual or segregated sorting polymer P3DDT, which is a good 
hole/poor electron transporting material [ 38 ] (see the Supporting 
information, Section 4: Effect of the polymer). 
 The demonstrated ambipolarity and the fi ne control of the 
charge transport through the number of printing passes gave 
us the possibility to fabricate complementary logic using the 
same ink. As a proof of concept we fabricated the simplest com-
plementary logic circuit possible, an inverter, the scheme of 
which is reported in  Figure  4 a. To obtain devices with balanced 
on-state currents and similar  V th , important parameters for 
the fabrication of an ideal inverter, we adopted a three printing 
passes transistor for the p-type device and a two passes device 
was selected for the n-type. In Figure  4 b, the typical input–
output voltage transfer characteristic of the inverter (black) and 
the gain (red) are reported, demonstrating a clear inverting 
behavior. For  V DD up to 30 V, the transition is almost rail-to-rail, 
i.e., the output switches from  V DD to 0 V. For higher  V DD in 
both logic states the rail is not reached because of the residual 
parasitic n-type currents in the p-type device and the balanced 
ambipolarity of the n-type device. Despite this non-ideality, the 
threshold voltage is close to the ideality, i.e.,  V DD /2, as an effect 
of balanced hole and electron currents and threshold voltages. 
Noise margins, extracted according to the maximum square 
method, [ 44 ] are close to 20 at  V DD = 60 V, as well as the gain, 
which is higher than 10 already at  V DD = 20 V and reaches a 
maximum of 18.6 at  V DD = 60 V. The fabricated inverter there-
fore demonstrates a building block compatible with the reali-
zation of high-performance and robust logic circuits based on 
printed s-SWCNTs. 
 In summary, a direct writing inkjet printing technique 
has been adopted for the fi ne deposition of s-SWCNTs with 
www.MaterialsViews.comwww.advelectronicmat.de
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 Figure 3.  a) Mobility plot extracted from devices made by increasing the number of printed passes (channel width  W = 200 µm and channel length 
 L = 40 µm). The holes mobility (blue lines) and electrons mobility (red lines) in linear regime (empty symbols) and saturation regime (fi lled symbols) 
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excellent transport properties. We employed a high-yield sorting 
method based on non-covalent functionalization through 
P3DDT chains to select only semiconducting chirality. Through 
an enrichment process, a stable formulation in oDCB with high 
loading (up to 0.2 mg mL −1 ) has been obtained resulting in a 
dense network of nanotubes already after a single printing pass. 
By varying the printing passes, balanced ambipolar FETs, with 
saturation mobilities of 10 and 7 cm 2 V −1 s −1 , for holes and 
electrons respectively, as well as unipolar p-type FETs, with a 
maximum saturation mobility of 15 cm 2 V −1 s −1 , have been real-
ized, showing hysteretic free behavior and on–off ratio in linear 
regime up to 10 7 . While further studies are required to assess 
the detailed role of the wrapping and/or residual polymer in the 
electronic properties of the printed layers, we have suggested a 
method to reliably formulate fairly stable and printable disper-
sions of s-SWCNTs with controllable ambipolar electrical prop-
erties. This allowed the fabrication of a complementary-like 
inverter displaying a clear inverting behavior, a gain of 18.6 and 
a noise margin up to 20. s-SWCNT inkjet printed transistors 
here demonstrated are very promising for high performance 
large-area and fl exible electronics, enabling improved computa-
tion complexity and high frequency switching speed, with an 
expected transition frequency [ 45 ] well above 10 MHz already for 
simple device architectures compatible with cost-effective, scal-
able manufacturing processes. [ 46 ] 
 Experimental Section 
 SWCNTs Based Ink Preparation : Poly(3-dodecylthiophene-2,5-diyl)
was synthesized via GRIM method. [ 47 ] The molecular weight 
( M n = 26.800 g mol −1 ,  M w = 29.000 g mol −1 ) was determined by gel 
permeation chromatography (GPC). HiPCO SWNTs were purchased 
from Unidym, Inc. and were used as received. 
 The polymer was solubilized in toluene using a high power 
ultrasonicator (Misonix 3000) with cup horn bath (output power 69 W). 
Subsequently, SWNTs were added to form the HiPco:polymer dispersions 
with weight ratio 1:2. The solution was then sonicated for 2 h at 
69 W and 16 °C. After ultrasonication, the dispersion was centrifuged at 
40 000 rpm (196 000  g ) for 1 h in an ultracentrifuge (Beckman Coulter 
Optima XE-90; rotor: SW55Ti) to remove all the remaining bundles and 
heavy-weight impurities. After the centrifugation, the highest density 
components precipitate at the bottom of the centrifugation tube, while 
the low density components, including individualized s-SWNTs wrapped 
by the polymer and free polymer chains, stay in the upper part as 
supernatant. An extra step of ultracentrifugation was implemented to 
decrease the amount of free polymer in solution (enrichment). [ 27 ] For 
this purpose, the supernatant obtained after the fi rst ultracentrifugation 
was centrifuged for 5 h, 55 000 rpm (367 000  g ), the individualized 
s-SWNTs were now precipitated to form a pellet and the free polymer 
was kept in the supernatant. Finally, the pellet was redispersed by mild 
sonication in oDCB. 
 Optical measurements were performed using a UV–vis–NIR 
spectrophotometer (Shimadzu UV-3600) to check the concentration of 
the carbon nanotubes selected by the polymers, as well as the amount of 
the polymer in the solution. 
 Samples and Devices Fabrication : Low alkali 1737F Corning glasses 
were used as substrates for fi lms and devices realized in this work. A 
standard cleaning in ultrasonic bath of Milli-Q water, acetone and 
isopropyl alcohol respectively and a following exposition to O 2 -plasma at 
100 W were employed. Top-Gate, Bottom Staggered-contacts geometry 
was chosen for the realization of FETs. Bottom electrodes were patterned 
by a lift-off photolithographic process and deposited by evaporation of 
a 1.5 nm thick Cr adhesion layer and 15 nm thick Au fi lm. Patterned 
substrates were cleaned by ultrasonic bath in isopropyl alcohol for 
2–3 min and exposed to O 2 -plasma at 100 W for 10 min before the 
printing of nanotubes. A custom inkjet printing system, Jetlab 4xl-A, 
provided with a nozzle with orifi ce diameter of 60 µm, was adopted for 
the deposition of SWCNTs based ink as semiconducting layer. After the 
printing the devices were annealed on a hotplate for 14 h at 120 °C in 
Nitrogen atmosphere. PMMA (Sigma-Aldrich) with  M w = 120 kg mol −1 
was spun from  n -butyl acetate (80 g L −1 ). Dielectric layers with thickness 
between 500–600 nm were obtained. After the dielectric deposition, 
the devices were annealed under nitrogen, on a hot-plate, at 80 °C for 
30 min. The device was completed by inkjet printing a commercial 
PEDOT:PSS formulation (Heraeus Clevios P Jet 700) serving as a gate 
electrode. At this scope, a Fujifi lm Dimatix Materials Printer DMP-2831 
(10 pl drops volume cartridge) was used. 
 Film morphology Characterization : The surface topography of the fi lms 
was measured with an Agilent 5500 Atomic Force Microscope operated 
in the Acoustic Mode. Optical measurements were performed using 
a UV–vis–NIR spectrophotometer (Shimadzu UV-3600) to check the 
concentration of the carbon nanotubes selected by the polymers, as well 
as the amount of the polymer in the solution. 
 Electrical Characterization : The electrical characteristics of transistors 
were measured in a nitrogen glovebox on a Wentworth Laboratories 
probe station with a semiconductor device analyzer (Agilent B1500A). 
The linear and saturation mobility values were calculated using the 
gradual-channel approximation, according to the parallel plate model. 
The mobility data reported do not take into account contact effects, i.e., 
the data correspond to an effective mobility. 
www.MaterialsViews.com www.advelectronicmat.de
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